Local ultra-violet surface photovoltage spectroscopy of single thread dislocations in gallium nitrides by Kelvin probe force microscopy Appl. Phys. Lett. 101, 252107 (2012) Temperature dependence of reversible switch-memory in electron field emission from ultrananocrystalline diamond Appl. Phys. Lett. 101, 173116 (2012) Investigation of the conduction in an implanted layer of protons in a potassium lithium tantalate niobate substrate Appl. Phys. Lett. 101, 141111 (2012) Transport properties of surface electrons in helium on a structured substrate Low Temp. Phys. 38, 915 (2012) Additional information on AIP Conf. Proc. ABSTRACT. This paper reports on a study of the effects of cold work induced by surface enhancement treatment on conductivity profiles in nickel-base superalloys, as part of the on-going efforts aimed at evaluating the feasibility of characterizing near-surface residual stress profiles in peened engine components using a swept frequency eddy current (SFEC) technique. The approach is based on the empirical piezoresistivity effect that correlates conductivity changes with residual stress, but recent studies have shown that conductivity changes induced by peening processes are also influenced by metallurgical factors such as cold work. In this study, conductivity deviation profiles were obtained by model-based inversion of SFEC signals from a set of aged Inconel 718 samples, which were either shot peened or laser shock peened to produce different residual stress and cold work profiles. The laser shock peened samples exhibit a larger increase in surface conductivity and deeper conductivity profiles, which are attributed to a smaller amount of surface cold work and deeper residual stress profiles created by laser shock peening than by shot peening.
INTRODUCTION
Jet engine components, for example rotors, are often surface-treated to improve fracture toughness by methods such as shot peening, which introduces compressive residual stresses that impede potential crack growth. Significant benefits, such as component service life extension and high levels of system reliability, can be gained by maintaining the compressive residual stress state [1] . Eddy current has been identified as a leading candidate for nondestructive characterization of residual stresses in engine components, particularly in nickel-base superalloys [2] . Correlations between EC signals and residual stresses in shot-peened alloys have been reported, and were attributed to the piezoresistivity effect, which refers to stress-induced changes in electrical conductivity [3, 4] . Despite the significant potential of EC, several challenges have been identified against development of the measurement technique for residual stress characterization. In particular, it has been found in recent studies that the EC responses of Inconel 718 to shot peening depend on the underlying microstructures [5] [6] [7] [8] . These findings indicate the confounding effects of metallurgical factors on EC residual stress measurements, and raised doubts about the applicability of the empirical piezoresistivity relationship to shotpeened surfaces without modification or compensation for the competing effects of peening-induced changes in the material conditions.
To this end, a comprehensive study of the microstructure effects was carried out based on the hypothesis that near-surface conductivity deviations induced by shot peening could be contributed by several competing factors, including (i) residual stress via piezoresistivity; (ii) microstructure such as peening-induced surface damages or variations in secondary phase content, and (iii) cold work (e.g. lattice defects, dislocations). The study reported in this paper was specifically aimed at examining the effects of cold work on conductivity profiles and EC signals. The approach is to compare changes in swept frequency EC (SFEC) signals induced by shot peening (SP) and laser shock peening (LSP). These two processes were used to produce different residual stress and cold work profiles, so that their correlations with conductivity profiles can be examined. Specifically, LSP is known to produce significantly smaller amount of cold work than SP. The residual stress profiles induced by LSP can extend to more than 1mm below the peened surfaces [9] , significantly deeper than those created by SP which typically extend to about 200 Pm in depth. In this work, a set of aged Inconel 718 samples was either SP at different Almen intensities, or LSP using different laser power densities. The conductivity profiles of the SP and LSP samples were obtained by means of model-based inversion of SFEC signals measured from the samples at frequencies between 100 kHz to 60 MHz. Surface residual stress and cold work were measured by a conventional x-ray diffraction method in order to aid interpretation of the observed difference in surface conductivity between the SP and LSP samples.
EXPERIMENTAL DETAILS
A set of double-aged Inconel 718 samples was used in this study. The samples were first solutionized at 954ºC for one hour and then air-cooled. They were then aged at 732ºC for eight hours, furnace cooled to 635ºC and aged at 635ºC for another eight hours, before they were air-cooled to room temperature. The heat-treated samples were cut into square blocks that measure 3" u 3" u 5/8" (76 mm u 76 mm u 16 mm). The bulk conductivity of the samples was measured to be 1.454% IACS using a conductivity gage operated at 60 kHz. The sample hardness was measured to be 46 HRC in the Rockwell Cscale.
Laser peening of the samples was performed by a commercial service vendor at three laser power levels, namely 6 GW/cm 2 , 8 GW/cm 2 , and 10 GW/cm 2 , without the use of an ablative layer. The laser spot size was 3.85 mm by 3.85 mm for the 6 GW/cm 2 specimens and 3.0 mm by 3.0 mm for the other two laser power levels. The laser pulse width was 18 ns for all specimens.
Swept frequency EC measurements were carried out over two different, but overlapping, frequency bands using (i) a differential pair of 12 mm, 14-turn spiral coils fabricated on a printed circuit broad (PCB) and a network analyzer (Agilent E5061A) for measurements from 1 MHz to 60 MHz, and (ii) an air-core 244-turn pancake coil together with an impedance analyzer (Agilent 4292A) for frequencies between 100 kHz and 5 MHz [8] . For each experimental setup, three sets of SFEC measurements were carried out to obtain the vertical component signals
S L , and S T , denote the reference signal measured from a pristine sample, the lift off signal and the test signal measured from a SP or LP sample, respectively. Figure 1 shows the vertical component signals obtained before and after LSP at different power levels. The peening-induced signal changes, which were obtained by subtracting the baseline data from the signals measured after LSP, are shown in Fig. 1(d) . In general, the signals at frequencies up to 20 MHz were found to become more positive after laser peening. This implies that the sub-surface conductivity increases after LSP, consistent with the compressive residual stresses induced by the peening process. Such conductivity changes appear to extend deep into the materials, considering the fact that the skin depth at 1 MHz, where a significant increase in EC signal is observed, is estimated to be about 550 Pm. In contrast, the signals at higher frequencies (greater than ~20 MHz) tend to become smaller after LSP. The signal change becomes increasing more negative as the laser power increases, suggesting the presence of a surface layer with a reduced conductivity due to peening-induced surface damages which have been observed in our previous studies [8] . 
SWEPT FREQEUNCY EC SIGNALS
The (Fig. 2(d) ) from the LSP samples. Specifically, the signals at high frequencies (> ~ 20 MHz) become more positive after SP, indicating an increase in the near-surface conductivity. In contrast, the low frequency signals become lower as the Almen intensity increases, suggesting that the peening-induced conductivity changes are primarily present in the near-surface layer and gradually diminish with depth, unlike those observed in the LSP samples that extend to greater depths.
CONDUCTIVITY PROFILES BY MODEL-BASED INVERSION
The SFEC signals were converted into conductivity profiles using the matched filter approach based on a perturbation theory [8] . Specifically, the theoretical Vcomponent TH V is expressed in terms of a small relative conductivity deviation profile
where l is the additional coil liftoff (# 25 Pm in our measurements), and
is the skin depth which depends on the frequency f, conductivity V 0 , relative permeability P r , and the permeability of free space P 0 . In this work, the conductivity profiles 0 V V z ' of both SP and LP samples are described by a linear combination of three simple functions as Frequency (MHz) Change in vertical component signal
where
and H, d, a 1 , a 2 , and a 3 are fitting profile parameters. The first term on the right hand side of Eq. (2) represents a constant conductivity shift arising from any bulk conductivity difference between the peened samples and the reference sample used in the SFEC measurements. The second term is a step function that accounts for the surface damages caused by the peening processes, which have been observed in our previous studies of shot peened Inconel 718 [8] . The third term is a peak function with an exponential decay that describes the typical residual stress profiles created by the peening processes. Substituting Eq. (2) into (1) , and the conductivity increase in the sub-surface region is larger for a high Almen intensity (Fig.  4(b) ). Nevertheless, the conductivity profiles of the LSP and SP samples show two distinctive differences. The LSP samples in general exhibit a larger conductivity increase at the peened surfaces than the SP samples, and sustain a finite conductivity increase up to 0.5 mm. In contrast, the conductivity increase observed in the SP samples decays more rapidly and becomes negligible at 0.5 mm. The deeper conductivity profiles found in the LSP samples are attributed to the fact that residual stresses created by LSP may extend to more than 1 mm in depth, whereas those induced by SP are typically limited to about 200 Pm below the peened surfaces. 
SURFACE RESIDUAL STRESS AND COLD WORK
The surface residual stresses and plastic strain (cold work) of the LSP and SP samples were characterized by the conventional sin 2 \ x-ray diffraction method, in order to aid in interpretation of the observed differences in surface conductivity changes induced by the two peening processes. As shown in Fig. 5 , both the LSP and SP samples have compressive residual stresses at the peened surfaces, with the former showing lower residual stress levels than the latter. The SP samples nevertheless exhibit broader peaks than the LSP samples (Table I) , indicating a larger amount of surface cold work produced by SP than by LSP. The observed surface conductivity is affected by the competing effects of compressive residual stress and cold work induced by the peening processes. The latter tends to reduce the conductivity due to increased electron scattering by lattice defects such as dislocations and substructures. Although the SP samples show higher levels of surface compressive residual stress, they also suffered a larger amount of cold work, which could negate the effects of compressive residual stress on conductivity and result in a lower surface conductivity than that of the LSP samples.
CONCLUSIONS
The competing effects of peening-induced residual stress and cold work on nearsurface conductivity have been studied by performing swept frequency EC measurements on Inconel 718 samples subjected to shot peening and laser shock peening. The results of model-based inversion of conductivity deviation profiles of the peened samples show the presence of a thin surface damaged layer typically less than 20 Pm thick. Both the shot peened and laser shock peened samples exhibit an increase in conductivity throughout the depth range of 0.5 mm due to the piezoresistivity effect of the compressive residual stresses induced by the peening processes. The conductivity increase observed in the laser shock peened samples extends to larger depths than that in the shot peened samples, attributed to the fact that laser peening can produce deeper residual stress profiles than shot peening. The shot peened samples in general show lower levels of surface conductivity than the laser peened samples. This can be interpreted in terms of the larger amount of surface cold work observed in the shot peened samples, which reduces conductivity and hence negates the piezoresistivity effect of the compressive residual stresses. 
